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Plants lack the Rho and Rac/Cdc42 GTPases that
are so important in diverse signal transduction
processes in animals. A plant-specific group of Rho-
like proteins — Rops — shows striking similarities to
their animal relatives, but also exciting differences in
their regulation and signal transduction.
In animal cells, small GTPases of the Rho family, com-
prising the main subgroups Cdc42, Rho and Rac,
function as molecular switches that transduce extra-
cellular signals into diverse cellular responses, includ-
ing actin dynamics, intracellular transport processes,
transcriptional activation, protein kinase cascades and
cell-cycle transitions [1]. The proteins are inactive when
bound to GDP, whereas the GTP-bound state is active
(Figure 1) [1]. The Arabidopsis genome sequence
revealed that Cdc42, Rac and Rho orthologs are
missing in plants [2]. But genes for eleven Rho-like
proteins are present: their products are distinct from
other Rho GTPases in several respects, and are there-
fore termed Rops, for Rho of plants [2,3]. The func-
tions of Rops in plants have been analysed using two
mutant forms of the proteins: constitutively active,
GTP-locked forms, and dominant-negative, GDP-
locked forms, which are thought to titrate out Rop-
interacting proteins [4,5]. Recent studies have shown
that the regulation and function of Rops in Arabidop-
sis exhibit some parallels to Rho proteins in animals,
though also some exciting  differences.
Rop Function in Plant Cell Polarity
That Rops function in plant cell polarity was estab-
lished in pollen tubes and root hairs that grow exclu-
sively at the tip by targeted exocytosis [5]. Initially, the
pea Rop1 protein was shown to be localized to the tip
of pollen tubes, and it was found that growth can be
inhibited by an injection of the Rop1 antibody [6].
Dominant-negative variants of the pollen-specific Ara-
bidopsis proteins Rop1 and Rop5 inhibited pollen tube
growth, and expression of constitutively active vari-
ants caused non-polarized growth [3,4]. Similarly,
Arabidopsis Rop2, Rop4 and Rop6 were shown to
interfere with cell polarity during root hair develop-
ment, though only Rop2 was found to be normally
expressed in root hairs [7–9]. Overexpression of Rop2
leads to a new phenotype: the induction of new growth
centers that generate branched root hairs [9].
All other plant cell types are thought to grow by diffuse
growth. The directionality of this type of growth is
thought to be determined by local constraints on turgor-
driven expansion imposed by cortical microtubules,
which in turn direct the deposition of cell wall material
[10]. The recent finding that Rop2 is important, not only
in tip-growing cells, but also during early stages of
development of various diffuse-growing cell types,
raises the exciting possibility that polarity establishment
of diffuse-growing cells involves cellular processes
similar to those found in tip-growing cells [11].
In their recent study, Fu et al. [11] found that, in
Arabidopsis organogenesis, the initial phase of expan-
sion of hypocotyl cortex cells and epidermal pave-
ment cells — but not their later longitudinal expansion
— is dependent on Rop2. The intracellular localization
of Rop2 in the diffuse-growing cells was found to be
confined to the actual growth regions [11]. This strongly
suggests that, in diffuse-growing cells as in tip-growing
cells, the initial establishment of cell polarity involves
targeted exocytosis. Will plants turn out to use Rops
as widely in cell-polarity-related processes as members
of the Rho family are used in animals?
Regulation of Rop Activity
In animal and yeast cells, the GTP-dependent activity
of Rho proteins is controlled by three cofactors: DH-
domain containing nucleotide exchange factors (GEFs),
GTPase activating proteins (GAPs) and guanine nucleo-
tide dissociation inhibitors (GDIs) (Figure 1) [12]. In
Arabidopsis, homologs of DH-containing Rho GEFs
are absent, but two as yet uncharacterized GDI-like
proteins have been found (Figure 1) [2]. Six Arabidop-
sis GAPs have been identified, but they are unusual in
containing a ‘CRIB’ motif that in animals is present in
downstream effectors of Rho-like proteins (Figure 1)
[13]. In animals, the CRIB domain mediates binding to
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Figure 1. Similarities and differences between (A) Rho and (B)
Rop regulation and downstream targets leading to different
cellular responses.
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the Rho-effector domain and competes with the GTPase
activity of GAPs [14]. In Arabidopsis, it has now been
shown that the CRIB domain in Rop GAPs is impor-
tant, not only for binding Rops, but also for the stimu-
lating GTPase activity [13], indicating that plants employ
a unique GTPase regulatory mechanism.
Immediate Downstream Effectors of Rops
In animals, each member of the Rho-family may interact
with more than 10 downstream effectors, many of
which contain the CRIB motif (Figure 1). None of these
effectors has been found in the completed Arabidopsis
genome sequence. Instead, a novel group of 11 Rop-
interacting CRIB-containing proteins (RICs) has been
identified (Figure 1) [15]. Outside of their CRIB domain,
individual RICs show little sequence similarity with
each other [15]. That these proteins have distinct func-
tions in vivo was shown by overexpression and local-
ization studies in tobacco pollen tubes. The finding
that RIC3 and RIC4 overexpression causes in a similar
cellular phenotype as Rop1 overexpression suggests
that RICs are indeed immediate downstream targets
of Rops [15].
Cellular Responses to Rop-Triggered Signals
A tip-focussed Ca2+ gradient is critically important for
the proper growth of pollen tubes and root hairs
(Figure 2A) [5]. Rop1 has been shown to be involved in
the formation of this gradient [16]. Conversely, expres-
sion of constitutively active mutant forms of Rop6 was
found to result in delocalization of the Ca2+ gradient in
root hairs [8]. A connection between Rho-like proteins
and the intracellular Ca2+ localization appears to be
specific to plants.
It is well established that Rho-like proteins in animals
and yeast control the organization of actin [1,12]. In
plants, short actin bundles accumulate in regions of
active growth, such as at the tips of pollen tubes and
root hairs as well as expanding lobes of epidermal leaf
pavement cells (Figure 2B) [11,17]. In non-growing
regions, actin is organized in cables. Expression of dom-
inant negative forms of Rop1 in tobacco pollen tubes,
and of Rop2 in root hairs and in epidermal pavement
cells, was found to disrupt the accumulation of short
actin filaments [9,11,17]. How Rop signaling to the actin
cytoskeleton is mediated in plants has yet to be unrav-
eled, as they appear to lack proteins implicated in such
a process in plants, such as WASPs. Do plant-specific
RICs link Rops to the actin cytoskeleton?
In the last couple of years, several proteins —
including mDia1, CIP4, PAK and several RhoGEFs —
have been shown to be involved in Rho–microtubule
signalling [18]. It appears likely that Rops are also
involved in microtubule regulation, as almost all the
phenotypes induced by overexpressing wild-type or
variant forms of Rops [9,11] — swollen hypocotyl
cells, isodiametric pavement cells, trichomes with
thicker stalks and branches, branched root hairs —
resemble those that are obtained on interference with
the microtubule cytoskeleton [19]. Whether these
effects are indicative of a direct interaction of Rop2
with the microtubule cytoskeleton, or an indirect
consequence of Rop2–actin interactions, has yet to
be clarified.
The potential functions inferred from experiments
with dominant-negative and constitutively active Rop
variants do not necessarily reflect the proteins’ normal
in vivo functions [20], so it will be very important to
extend the analysis by identifying and analysing Rop
mutants. The differences between Rops and Rhos,
with respect to the regulation of their activity and the
control of downstream events, indicates that new
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Figure 2. Rops localize to areas of active
growth in both tip (A) and diffuse (B)
growing cells.
(A) (1) Rop localization (green) is seen at
the earliest stage of root hair formation,
even before an actual bulge can be
noticed. Rop expression shifts to the cell
apex (2) and remains there until tip-
directed growth continues (3). During this
period a strong tip-focused Ca2+ gradient
(blue arrow) exists in tip-growing cells.
Very fine actin microfilaments (MF, red)
are a characteristic feature of tip-growing
regions. (4). In plants expressing constitu-
tively active Rop2 (CA-Rop) or over-
expressing wild-type Rop2, multiple tips
are formed giving rise to branched root
hairs. Actin and Ca2+ gradients both
behave as they would in a single-tipped
growing cell. (B) Pavement cells on the
leaf epidermis also display an early Rop-
dependent multidirectional growth phase,
when Rop appears to be generally
expressed in the cell (1). As the cell
embarks on longitudinal expansion Rop
expression appears to become restricted
to only elongating regions of the cell (2).
Note that expanding (in 1) and elongating (in 2) regions have a dense meshwork of fine actin microfilaments. In CA-Rop2 transgenic
plants (3), diffuse growing cells exhibit a general diffuse fine actin cytoskeleton and relatively non-focused growth, leading to a more
general cell enlargement rather than longitudinal expansion only. The existence of Ca2+ gradients in diffuse growing cells is unclear.
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mechanisms in signal transduction can be expected
to be discovered.
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